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ABSTRACT
We study the dynamical behaviour of the galactic black hole source GX 339-4 during
2002-2011 outbursts using RXTE, Swift(XRT), XMM-Newton(PN) archival data. We
present the spectral evolution of the source using four outbursts data and discuss their
similarities/differences between outbursts. We infer that the second peak in 2002/03
and 2004/05 outbursts can be due to a second instant of triggered instability in the
accretion disc due to irradiation from the central X-ray source after peak-I. This prop-
agates in viscous time scale and takes ∼ 80− 90 days after peak-I to produce peak-II.
This unifies all four outbursts having a long rising time of ∼ 90 days. The dynami-
cal evolution of accretion parameters have been studied by modeling the individual
observed spectrum with two-component accretion disc model where a Keplerian accre-
tion disc produces the soft photons and the hard part of the spectrum originates from
a hot sub-Keplerian central corona. A generic mathematical model has been proposed
to understand the evolution of accretion parameters for sources like GX 339-4 which
have longer rising time. Also, the possible differences of physical scenario for outbursts
with shorter rising time are also discussed.
Key words: accretion, accretion discs – X-rays: binaries – radiation: dynamics –
individual: GX 339-4
1 INTRODUCTION
Studies have been made over past few decades to under-
stand the accretion physics around black hole X-ray binaries
(XRBs). The galactic black hole (BH) candidates in tran-
sient low mass X-ray binaries are the ideal systems for the
study of accretion physics. Transient XRBs are either in out-
burst phase with strong X-ray emission (1037−1039 erg s−1)
or in faint (1030 − 1033 erg s−1) quiescent phase .
The energy spectra of black hole XRBs are com-
posite in nature: a thermal soft component proposed
to have a Keplerian accretion disc (Shakura & Sunyaev
1973; Novikov & Thorne 1973) origin along with a non-
thermal hard component. It is generally accepted that
the inverse Comptonization (Sunyaev & Titarchuk 1980,
1985; Titarchuk 1994; Zdziarski et al. 1998, and ref-
erences therein) of soft photons from the accretion
disc by the hot electron cloud (Narayan & Yi 1995;
Chakrabarti & Titarchuk 1995) produces the hard compo-
nent. Whereas Markoff et al. (2005) suggested non-thermal
synchrotron photons as well as thermal and non-thermal
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synchrotron self-Comptonization in the jet as the source
of hard photons. Alternately, inverse Comptonization of
photons from the companion star and/or the accretion
disc by the base of the jet (Georganopoulos et al. 2002)
can also be the sources of hard photons. The relative
contributions of two spectral components and the time
variabilities define each spectral state (Homan & Belloni
2005; Remillard & McClintock 2006). In the low/hard state
(LHS), the source is faint, the radiation spectrum has a pho-
ton index in the range of 1.5 − 1.7 and X-ray timing vari-
ability is maximum (Homan 2001). In this state power den-
sity spectrum (PDS) is dominated by strong band-limited
noise with a strength of 20-50% rms and type-C quasi peri-
odic oscillation (QPO) is also present. Whereas in high/soft
state (HSS) the source is bright, the radiation spectrum has
a photon index ∼ 3, and X-ray timing variability is min-
imum. The PDS in this state has a power law signature
with less than 2-3% rms value. The state transitions from
LHS to HSS pass through the intermediate states (hard in-
termediate state: HIMS and soft intermediate state:SIMS)
where the contribution from accretion disc becomes signif-
icant, and also has photon index ∼ 1.7 − 2.5. The noise in
the PDS is weaker (typically 5-20% rms). Generally, HIMS
c© 2019 The Authors
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shows type-C QPOs and SIMS shows type-A and type-B
QPOs (Belloni et al. 2005). The state transition via inter-
mediate state has very short duration ranging from hours to
days and hence the accretion physics related to these states
is difficult to study.
The global evolution of spectral states during out-
burst can be understood from different branches of the
hardness-intensity diagram (HID) (Homan & Belloni 2005;
McClintock & Remillard 2006; Remillard & McClintock
2006; Belloni 2010; Nandi et al. 2012; Radhika & Nandi
2014). The outburst profile starts with a low luminosity
having higher hardness and reaches the peak luminosity
with a lower hardness. Finally, it comes back again to
low luminosity and high hardness at the end of the out-
burst. This hysteresis nature of HID was first reported by
Miyamoto et al. (1995).
The source GX 339-4 was discovered in 1973 by satel-
lite OSO-7 (Markert et al. 1973). The absorption lines in
NIR (Heida et al. 2017) reveals a giant K-type compan-
ion and this confirms the earlier finding (Hynes et al. 2004;
Mun˜oz-Darias et al. 2008). The distance to GX 339-4 is
found to be 6 kpc ≤ d ≤ 15 kpc (Hynes et al. 2004) from
studies based on Na D lines whereas Zdziarski et al. (2004)
has estimated d ' 7 kpc from optical and infrared obser-
vations. Also, Parker et al. (2016) have fitted the X-ray
spectra with d = 8.4 ± 0.9 kpc. Since the system did not
show any eclipse in X-ray or optical data, Cowley et al.
(2002) restricted the upper limit of the inclination angle
i ≤ 60◦ and Zdziarski et al. (2004) suggested a lower limit
of i ≥ 45◦ from the secondary mass function estimation.
From the reflection modelling of X-ray spectra Fu¨rst et al.
(2015); Garc´ıa et al. (2015) have found inclination angle in
the range 40◦− 60◦ and Parker et al. (2016) have estimated
i = 30◦±1◦. Whereas Heida et al. (2017) have quoted 37◦ <
i < 78◦ from the NIR absorption lines of the donor star. The
optical spectroscopy of Bowenblend and HeII provide a mass
function of the system to be f(M) = 5.8±0.5M⊙ with a bi-
nary period of 1.7557 days (Hynes et al. 2003). Parker et al.
(2016) have constrained the mass to be 9.0+1.6−1.2 M⊙ whereas
Heida et al. (2017) have quoted 2.3M⊙ < M < 9.5M⊙. Re-
cently, Sreehari et al. (2019) have estimated the mass of the
source in the range 8.28−11.89 M⊙ from spectral modelling
using two-component flow, evolution of QPO frequency and
saturation of spectral index. Modelling the reflection compo-
nent of the X-ray spectra, spin of the system is found to be
a = 0.93 ± 0.01 (Miller et al. 2008) whereas Ludlam et al.
(2015) have estimated a > 0.97 and Parker et al. (2016)
have determined a = 0.95+0.02−0.08 using relxill model for reflec-
tion fitting.
Over past 44 years, the source has shown many
successful outbursts as well as many failed outbursts
where the source always remain in the LHS during out-
burst. There are several early reports of state tran-
sitions (Me´ndez & van der Klis 1997; Belloni et al. 1999)
and time variability (Maejima et al. 1984; Miyamoto et al.
1991; Nowak 2000) of the source. Detailed timing and
spectral studies (Belloni et al. 2005; Debnath et al. 2010;
Nandi et al. 2012) show a complete evolution of spectral
state during outburst. Several attempts have been made to
understand the spectral behaviour of the source using physi-
cally motivated models. Corbel et al. (2003), Connors et al.
(2019) used synchrotron emission from the jet and the in-
verse Comptonization of both the thermal disc photons as
well as synchrotron photons to explain radio, IR and X-
ray emissions in GX 339-4. Zdziarski et al. (2004) has devel-
oped an accretion flow model comprises of a cold optically
thick outer disc and a hot inner optically thin disc. The
RXTE-ASM data during 1998/99 and 2002/03 outburst of
GX 339-4 is studied with this model. Marcel et al. (2018)
have used a unified accretion-ejection model to understand
the X-ray and Radio emissions of 2010/11 outburst of GX
339-4. But none of these models address the dynamics of
the system self-consistently i.e., given the flow parameters
like, accretion rate, angular momentum etc, the flow hydro-
dynamics should decide the rest. Also sometimes models are
not fully self-consistent. For example, in unified accretion-
ejection model (Marcel et al. 2018), the transition radius be-
tween accretion disc and central corona is a parameter and it
is independent of the accretion rate which may not be phys-
ically correct. Also if the hot central corona is created from
the accretion disc, it would not be able to explain the soft
time lag (Smith et al. 2001, 2002, 2007). Also, not much at-
tention has been paid to understand the accretion dynamics
quantitatively by physically modelling the observed spec-
trum or outburst profiles. Though, Mandal & Chakrabarti
(2010) have qualitatively modelled the general profile HID
of the source GRO J1655-40 but without modelling the ob-
served radiation spectra.
In the present study, we try to understand the
spectral evolution as well as evolution of accretion
disc parameters from spectral modeling the outbursts
of GX 339-4 during 2002-2011 mostly using RXTE
data. We have modeled the RXTE (PCA) spectra us-
ing both phenomenological model as well as two compo-
nent accretion flow model (Chakrabarti & Titarchuk 1995;
Chakrabarti & Mandal 2006). As RXTE (PCA) mostly
works beyond 3 KeV, we have used XMM-Newton and Swift
(XRT) archival data (whenever available) to constrain the
soft X-ray part of the energy spectrum. Also, we have done
broad band spectral modeling in the energy range 0.3-100.0
keV using XRT/RXTE and XMM-Newton/RXTE data to
constrain the high energy spectral index as well as validate
the spectral modeling. The outburst profiles differ between
outbursts even for the same source and we have tried to
understand differences in physical picture under irradiated
disc instability model scenario) between outbursts by study-
ing the evolution of the accretion parameters. In §2, we dis-
cuss the observations and data reduction methods of differ-
ent instruments used in this study and §3, we present the
phenomenological spectral studies and two-component flow
model parameters evolution. Finally, in §4 we conclude.
2 OBSERVATIONS AND DATA REDUCTIONS
In order to understand the evolution of accretion dynamics
of GX 339-4 during complete outbursts, all observations be-
tween years 2002-2011 using the RXTE, Swift (XRT) and
XMM-Newton are analysed and modelled. During this pe-
riod four successful outbursts of the source have been ob-
served.
MNRAS 000, 000–000 (2019)
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2.1 RXTE Observations
We have used standard-2 PCA data (FS4a*.gz) for the spec-
tral analysis. For consistency, the data only from PCU2 are
used for analysis as it was always switched on during these
period. We have analysed RXTE Proportional Counter Ar-
ray (PCA) data using HEASOFT software package version
6.14. We follow the standard FTOOLS task to generate good
time interval setting the screening criteria on elevation an-
gle, offset and South Atlantic anomaly (SAA). We generate
the background data by comparing the latest bright back-
ground model. Source spectrum, background spectrum and
response are extracted again following standard FTOOLS
tasks. We have considered spectrum in the energy range 3.0
- 60.0 keV without any grouping or binning. A systematic er-
ror of 0.5% is added to the spectrum in 2006/07 and 2010/11
outbursts considering the uncertainties in the instrumental
calibration. From RXTE archival data, a total of 129 obser-
vations span over 389 days in 2002-03, 115 observations over
343 days in 2004-05, 139 observations ranging over 204 days
in 2006-07 and 288 observations during 412 days in 2010-11
are considered in our analysis (see Table 1 for details).
HEXTE data are reduced by following standard pro-
cedures given in RXTE Cookbook. We have used cluster-
A archival data (FS52*.gz) for 2002/03 and 2004/05 out-
bursts. As cluster-A data did not provide any background
measurements, we have used cluster-B archival mode data
(FS58*.gz) for 2006/07 outburst. For 2010/11 outburst, we
have used cluster-A event mode data (FS50*.gz) for some
observations and rest of the observations are excluded due to
the problem in rocking motion of HEXTE. Using standard
procedures we have extracted background subtracted and
dead time corrected source and background spectra as well
as the response informations. HEXTE spectrum is gener-
ated in the energy range 15.0-200.0 keV without any group-
ing/binning.
2.2 Swift Observations
Swift X-ray telescope (XRT) is a X-ray focusing telescope
in the energy range 0.2-10.0 keV. GX 339-4 is a bright
source and XRT observed the source in windowed timing
mode which produces an one dimensional image. We run
“xrtpipeline” to generate level 2 event file and we use “xs-
elect” to generate the source and background spectrum.
We have selected a circle of radius 30 pixel around the
image centre for the source region and background from
an annular region between 70 and 130 pixel, keeping the
same diameter for source and background. For data with
pile up we extract source region from an annular region
with outer circle of radius 30 pixel and inner radius varies
with the degree of pile up. Then we edit the BACKSCAL
keyword in the source and background spectrum. We
use the response files “swxwt0to2s0 20070101v012.rmf” for
2006/07 and “swxwt0to2s6 20090101v015.rmf” for 2010/11
outbursts and generate ancillary response function file using
the task “xrtmkarf”. The spectrum is generated in the range
0.3-10.0 keV with a grouping of 20 photons per bin without
adding systematic. We have analysed swift data in the time
period 23-04-2007 to 25-05-2007 for 2006/07 and 21-01-2010
to 19-06-2010 for 2010/11 outbursts (Table A1) which are
simultaneous with the RXTE data.
Table 1. Outbursts and durations
No Start date (MJD) Stop date (MJD) Duration (day)
1 02-04-2002 (52366) 27-04-2003 (52756) 389
2 13-05-2004 (53138) 20-04-2005 (53480) 343
3 14-11-2006 (54053) 05-06-2007 (54256) 204
4 12-01-2010 (55208) 28-02-2011 (55620) 412
2.3 XMM-Newton Observations
The European Photon Imaging Camera (0.2-15.0 keV) in
XMM-Newton contains two MOS CCD and one PN CCD.
There are four XMM-Newton observations took place si-
multaneous with the RXTE observations. As MOS data are
highly piled up we could not get any useful results from
two observations on 24-08-2002 and 19-09-2002. We have ex-
tracted the spectra by analysing the observations on 08-03-
2003 and 20-03-2003 (Table A1) from PN timing mode data.
The data are reduced using “SAS version 5.22.2” follow-
ing the guidelines from cookbook. The events are extracted
from a region of ten pixels either side of brightest part of
the source. As the source was so bright, there was no source
free region to extract a background. To reject bad pixels and
events close to chip edges, the events are filtered by specify-
ing “FLAG=0”, and to select single pixel and double pixel
event it requires “PATTERN≤4”. The extent of pile up on
these two observations are found out by using the SAS task
“EPATPLOT”. The effect of pile up is reduced by remov-
ing the four pixels for observation on 08-03-2003 and two
pixel for observation on 20-03-2003 from the central part.
Then ancillary response file is generated using “arfgen” and
the response file is generated by the task “rmfgen”. The
spectrum is generated in the energy range 0.5-8.0 keV by
applying a grouping of 20 counts per bin without adding
any systematic.
3 RESULTS AND DISCUSSION
During the life span of RXTE (1995 to 2012), it has observed
GX 339-4 to undergo outburst quite frequently. Here we have
done a comprehensive study of spectral behaviour of ma-
jor outbursts of GX 339-4 during this period. Since RXTE
did not have the full coverage of 1998/99 outburst, we did
not consider this outburst in our study. The four outbursts
considered in our study are 2002/03, 2004/05, 2006/07 and
2010/11. The observation details are given in Table 1 and
the outburst duration is measured from the starting date
given in MJD.
The X-ray fluxes in various energy bands are calculated
by fitting PCA spectra using XSPEC version 12.9.1. We
have used a combination of phenomenological models con-
sisting of an absorption component (phabs) with a power-
law and/or a multi-colour disc blackbody (diskbb), when-
ever required. Occasionally an emission line represented by
a Gaussian in energy range (6-7) keV, a smeared absorption
edge (smedge) (Ebisawa et al. 1994) and high energy cutoff
(highecut) are required to fit the data. We have used photo-
electric absorption cross sections from Verner et al. (1996)
and elemental abundance Wilms et al. (2000) for the ab-
sorption model. The chi-square statistic is used for model
MNRAS 000, 000–000 (2019)
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Figure 1. (a) 3.0-20.0 keV PCA light curves and (b) hard-
ness ratio (6.0-20.0 keV flux / 3.0-6.0 keV flux) as a function
of time of all outbursts of GX 339-4 during 2002-2011 period
are plotted. The lines with different colours (red-solid: 2002/03;
green-dot: 2004/05; magenta-dash: 2006/07 and blue-dash dot:
2010/2011) represent individual outbursts. The different symbols:
circles mark LHS; star marks HIMS; squares mark SIMS and tri-
angles mark HSS.
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Figure 2. PCA HID of all outbursts of GX 339-4 during 2002-
2011 period. The lines of different colours/styles and symbols fol-
low the same meaning as in Figure 1.
fitting. In the spectral modelling of all the data set, the best
fit model have reduced χ2 between 0.8 to 1.3 and the un-
certainities are calculated within 90% confidence limit us-
ing migrad method. Including all the spectral fitting, the
smedge width varies between 1 to 30keV and the smedge
maximum absorption factor varies between 0.1 to 7 whereas
the gaussian line width varies between 0.6 to 1.0. From spec-
tral modeling, we have calculated the flux in 3.0-20.0 keV
energy band to generate the light curve. Also, we have sep-
arately estimated the flux in 3.0-6.0 keV and 6.0-20.0 keV
energy band and the hardness is defined as the ratio of fluxes
in 6.0-20.0 keV and 3.0-6.0 keV. The lightcurves of differ-
ent outbursts and the corresponding hardness evolution are
shown in the top (a) and bottom (b) panels of Figure 1 re-
spectively. Here, time of evolution is expressed in day and
day zero of individual outbursts in MJD are given in Table
1. The general evolution of outbursts can understand from
HID which have been plotted in Figure 2. Here and rest of
the paper, we have used lines with different colours (red-
solid: 2002/03; green-dot: 2004/05; magenta-dash: 2006/07
and blue-dash dot: 2010/2011) to represent individual out-
bursts. We follow Belloni et al. (2005); Motta et al. (2011,
2009); Stiele et al. (2011); Nandi et al. (2012) for spectral
classifications and different symbols (circles mark LHS; stars
mark HIMS; squares mark SIMS and triangles mark HSS)
are used to represent the spectral states.
Generally, in the rising phase of the outburst the flux
increases gradually with very small variation in hardness in
the low hard state and suffers a sudden drop in hardness in
HIMS. The flux reaches maximum value in SIMS where the
spectrum becomes softer. The source continues to evolve
with low hardness and a decreasing trend of flux in HSS
until it reaches HIMS in decline phase. The hardness evolu-
tion shows a very similar trend for all these outbursts even
though the duration of outbursts and flux levels are quite
different. The hysteresis nature of the HID is ensured by
the hard-soft transition at high flux level in the rising phase
whereas a soft-hard transition at low flux level in the decline
phase. All HIDs (Figure 2) have very similar characteristics
except 2004/05 outburst being low luminous.
3.1 Simultaneous broadband spectral modeling
We have generally modeled the PCA data for spectral
study. Also we have searched for nearly simultaneous ob-
servations by XMM-Newton and Swift along with RXTE
during these outbursts. XMM-Newton and RXTE observa-
tions of 2002/03 outburst, Swift and RXTE observations
of 2006/07 and 2010/11 outbursts are not strictly simulta-
neous but still we can generate broadband spectra as the
source did not show a large change in count rate as well
as hardness during the period of observations. The details
of these observations are given in Table A1. The simulta-
neous broadband spectra (0.3 - 100.0 keV) are modeled us-
ing a powerlaw and a multi-colour disc blackbody (diskbb).
Also, additional components like emission line (gauss) in
energy range (6-7) keV, smeared absorption edge (smedge)
(Ebisawa et al. 1994) are occasionally used to fit the data.
The broadband spectra are required to constrain the black-
body component (particularly in LHS) and a better esti-
mation of powerlaw component as well. The interstellar ab-
sorption nH is frozen at 5×10
21cm−2 (Ilovaisky et al. 1986;
MNRAS 000, 000–000 (2019)
Evolution of Accretion Dynamics of GX 339-4 5
10−5
10−4
10−3
0.01
Ph
 c
m
−
2  
s−
1  
ke
V−
1 (a)
1 10
−2
0
2
χ
Energy (keV)
10−5
10−4
10−3
0.01
0.1
Ph
 c
m
−
2  
s−
1  
ke
V−
1 (b)
1 10
−2
0
2
χ
Energy (keV)
Figure 3. Broadband spectral modeling of PN/XMM-Newton (black), PCA (red) and HEXTE (green) observations on (a) 08-03-2003
and (b) 20-03-2003 by phabs*smedge(diskbb+powerlaw)*constant model with χ2/dof = 1071.56/1000 and χ2/dof = 1114.67/1066
respectively. The PN/XMM-Newton spectrum is binned by a factor of 5 for better clarity.
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Figure 4. Broadband spectral fitting of XRT/Swift (black), PCA (red) and HEXTE (green) data in (a) LHS (MJD 54240.884), (b)
HIMS (MJD 54237.331), (c) SIMS (MJD 54231.913) and (d) HSS (MJD 54213.031) during 2006/07 outburst. The spectra are fitted with
phabs*smedge(diskbb+ga+po)*constant model whereas Gaussian component is not required for (a). The fitting statistics χ2/dof are
549.80/604, 536.81/583, 523.86/534 and 729.44/679 respectively. The XRT/Swift spectrum is binned by a factor of 4 for better clarity.
Me´ndez & van der Klis 1997; Kong et al. 2000). Otherwise
nH varies between (4−7)×10
21cm−2 for broadband spectra
using XRT, PCA and HEXTE.
We could find only two simultaneous observations of
PN/XMM-Newton along with RXTE for 2002/03 outburst
and the broadband spectra are presented in Figure 3. Both
observations are in the HIMS state during the decline phase
of the outburst. Here black, red and green colours repre-
sent the XMM-Newton, PCA and HEXTE data respectively
along with unfolded models of diskbb and powerlaw. No si-
multaneous observation exists for 2004/05 outburst. Simul-
taneous observations of XRT/Swift and RXTE exist during
2006/07 decline phase and rising phase of 2010/11 outbursts.
We have fitted all of them but for representation, we show
MNRAS 000, 000–000 (2019)
6 Aneesha et al.
10−3
0.01
0.1
Ph
 c
m
−
2  
s−
1  
ke
V−
1 (a)
1 10
−2
0
2
4
χ
Energy (keV)
10−4
10−3
0.01
0.1
1
Ph
 c
m
−
2  
s−
1  
ke
V−
1 (b)
1 10
−2
0
2
χ
Energy (keV)
10−4
10−3
0.01
0.1
1
Ph
 c
m
−
2  
s−
1  
ke
V−
1 (c)
1 10
−2
0
2
χ
Energy (keV)
10−5
10−4
10−3
0.01
0.1
Ph
 c
m
−
2  
s−
1  
ke
V−
1 (d)
1 100.5 2 5 20
−2
0
2
χ
Energy (keV)
Figure 5. Broadband spectral modeling of XRT/Swift (black), PCA (red) and HEXTE (green) data in (a) LHS (MJD 55281.744),
(b) HIMS (MJD 55302.411), (c) SIMS (MJD 55316.986) and (d) HSS (MJD 55334.061) during 2010/11 outburst. The model
phabs*edge*smedge(diskbb+gaussian+po)*constant are used to fit the data whereas gaussian is not required for (d). The corresponding
statistics for spectral modelling are χ2/dof = 854.68/819, 857.36/803, 727.25/690 and 643.92/530 respectively. The XRT/Swift Spectrum
is binned by a factor of 4 for better clarity.
only one spectrum from each spectral state [(a) LHS; (b)
HIMS; (c) SIMS; (d) HSS] for both the outbursts in Fig-
ure 4 and Figure 5 respectively. In both figures, black, red
and green colour represent XRT, PCA and HEXTE data
respectively along with unfolded models.
3.2 Evolution of spectral parameters
We study the time evolution of spectral fitting parameters
using PCA data as well as simultaneous observations (Ta-
ble A1). The parameters from PCA data only are shown
in green-solid symbols whereas the same from PN-PCA-
HEXTE broadband spectra of 2002/03 outburst are shown
in blue-dot symbols. Parameters from XRT-PCA-HEXTE
spectra for 2006/07 and 2010/11 outbursts are presented
by red-dash symbols. We have used the same symbols for
spectral classes as in Figure 1.
In Figure 6, we have plotted the evolution of inner
disc temperature Tin of diskbb model for (a) 2002/03, (b)
2004/05, (c) 2006/07 and (d) 2010/11 outbursts respectively.
In the LHS, fitting only PCA data require unusually high
disc temperature Tin ≥ 2keV (see also Plant et al. (2014))
and hence only PCA data cannot constrain Tin in LHS. In
fact, we fit the LHS PCA data with powerlaw, smedge. Si-
multaneous observations with XRT-PCA (red-dash points
in Figure 6c and Figure 6d) could able to estimate Tin in
LHS. Whereas the simultaneous fitting with PN-PCA data
in 2002/03 (blue-dot points in Figure 6a) are in HIMS and
show similar Tin as in PCA. This figure shows that in the
starting and ending part of the outburst, there may be a
small contribution of photons from the accretion disc and
hence one expects a low Tin. As the source approaches to
rising-intermediate state, the disc moves inward and Tin in-
crease. It remains almost constant in SIMS to HSS and to-
wards the end of declining phase disc starts disappearing
with a decreasing Tin. Also, 2006/07 outburst shows a faster
evolution of Tin in compared with other outbursts. The evo-
lution of diskbb normalizations are shown in Figure 7. The
broadband fitting (red-dash points in Figure 7) show that
disc norm start with a high value in LHS as the disc is far
apart and decreases towards intermediate states.
The variation of photon index (Γ) with the hard flux
(6.0-20.0 keV) is presented in Figure 8. Here, green-solid
symbol represents the rising phase whereas blue-dotted sym-
bol denotes the decline phase of the outbursts. All the out-
bursts show a hysteresis (anti-clock wise) with almost con-
stant photon index ( ∼ 1.5) in the rising LHS. The value
of photon index increases (2 < Γ < 3) with a decrease
of hard flux as the source moves towards softer states. In
the decline part of the outburst photon index decreases
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Figure 6. Evolution of inner accretion disc temperature (Tin)
of the source for (a) 2002/03 (b) 2004/05 (c) 2006/07 and (d)
2010/11 outbursts spectral fitting. The green-solid symbols rep-
resent only PCA data, blue-dot symbols are for simultaneous
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multaneous XRT-PCA-HEXTE data. The different symbols: cir-
cles mark LHS; star marks HIMS; squares mark SIMS and tri-
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Figure 7. Evolution of diskbb normalizations for (a) 2002/03 (b)
2004/05 (c) 2006/07 and (d) 2010/11 outbursts. The different
colours and symbols have same meaning as in Figure 6. The un-
certainities (marked inside symbols) are within 90% confidence
range.
and the 6.0-20.0 keV flux does not show much variation.
Zdziarski et al. (2004), showed a similar behaviour between
photon index and flux in different energy range for the same
source. Whereas Garc´ıa et al. (2015), found nearly constant
photon index in hard state of different outburst of GX 339-
4 with very different luminosities. The Figure 9 represents
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Figure 8. Photon index vs 6.0-20.0 keV flux for (a) 2002/03 (b)
2004/05 (c) 2006/07 and (d) 2010/11 outbursts. The different
symbols have same meaning as in Figure 6. The green-solid sym-
bols represent the rising phase and blue-dot symbols denote the
decline phase of the outbursts. The uncertainities are within 90%
confidence range.
evolution of powerlaw normalization and it shows that the
powerlaw normalisation sharply increases towards HIMS of
the rising phase where powerlaw dominates the spectra and
after that almost remain at constant low values in the softer
states. In all outbursts, we see a hard flare in SIMS (param-
eter t6−20 in Table 3) indicated by a sudden rise of powerlaw
normalization. We find that a powerlaw component is always
required to model data over the entire outburst whereas in
2010/11 outburst (Figure 9d) the spectral modeling in HSS
can be done using diskbb only.
Past several studies suggested that Fe line flux can be
used as a tracer of Compton reflection signature. The pro-
cess of bound-free absorption in the reflecting medium is
followed by emission of a fluorescent Fe Kα line. The equiv-
alent width of the Fe Kα line is a measure of the extend
of reflection. Petrucci et al. (2001) discussed how Comp-
tonization process affects the measurement of the equivalent
width of Fe line and showed that the unscattered equiva-
lent width of Fe line is anti-correlated with the corona tem-
perature. In the same sense, Zdziarski et al. (2003) found
Compton reflection strength is correlated with photon in-
dex for many outbursting sources and is strongest in the
soft state whereas Gilfanov & Merloni (2014) showed a cor-
relation between photon index and the relative strength of
the Comptonized radiation. Steiner et al. (2016) presented
strong anti-correlation between Fe line equivalent width with
powerlaw normalization. We have used Fe line represented
by gauss to fit the data whenever required. In Figure 10, we
have plotted the evolution of Gaussian line flux and it shows
a very interesting trend. We observe that the Compton re-
flection signature is week in LHS and has an increasing trend
of reflection strength towards softer states. Finally, becomes
strongest in the SIMS for all outbursts except 2010 outburst.
Also, if the existence of Fe Kα line is a signature of reflec-
tion, we observe a decreasing trend of reflection signature
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Figure 9. Evolution of powerlaw normalizations for (a) 2002/03
(b) 2004/05 (c) 2006/07 and (d) 2010/11 outbursts. The differ-
ent colours and symbols have same meaning as in Figure 6. The
uncertainities are within 90% confidence range.
required to model the successive outbursts after 2002. To
strengthen this findings, in Figure 11, we have plotted the
evolution Gaussian line normalization over time with its un-
certainty. We hardly could see the presence of Gaussian line
in LHS except 2002/03 outburst. In LHS, we could able to
fit the data reasonably well with reduced χ2 in the range 0.8-
1.1. Also, we see from Figure 11 that in 2002/03 outburst the
minimum value of line normalization is as low as 10−4 and
it increases in successive outbursts. For 2010/11 outburst
the minimum normalization is above 10−3. Possibly, this in-
creasing trend of minimum normalization of Gaussian line
is an indication of the degradation of PCA energy response
over time. Though this decreasing trend of the requirement
of Gaussian line may be due to the physical differences be-
tween the outbursts as well. In fact the reason that we ob-
serve outbursts of different durations, peak luminosities etc
are the reflection of physical differences between outbursts.
But in that case one should not expect any particular trend
between outbursts.
3.3 Spectral modelling using two-component
accretion flow model
In §3.2, we have studied the evolution of spectral pa-
rameters by fitting the data with phenomenological mod-
els where the spectral parameters are not directly con-
nected to the hydrodynamics and radiation processes of
the system. Hence, it is not possible to understand the
behaviour of dynamical parameters from phenomenolog-
ical spectral parameters. We intend to study the evo-
lution of the dynamical parameters by fitting the spec-
tral data with a physical model. A two-component advec-
tive accretion flow model (Chakrabarti & Titarchuk 1995;
Chakrabarti & Mandal 2006) provides a natural explana-
tion for the two distinct components of the radiation spec-
trum, namely the soft part is associated with a standard
Keplerian accretion disc and the hard part comes from a
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Figure 10. Evolution of gaussian line flux during (a) 2002/03
(b) 2004/05 (c) 2006/07 and (d) 2010/11 outbursts. We follow
the same representations as in Figure 6. The uncertainities are
within 90% confidence range.
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We have used the same symbols and colour references (Figure 6).
The uncertainities are within 90% confidence range.
hot sub-Keplerian plasma cloud. Also, the need for two
distinct components are well supported by the observed
timing properties (Smith et al. 2001, 2002, 2007) of many
galactic black hole candidates. In this model a standard
Keplerian accretion disc resides on the equatorial plane
and sub-Keplerian halo occupies above and below the stan-
dard disc. A Keplerian flow cannot enter to the black hole
(BH) since the inner boundary condition demands a super-
sonic flow close to horizon. Hence, the flow close to the
BH is essentially sub-Keplerian in nature. Since the sub-
Keplerian halo component also possesses significant angu-
lar momentum, it creates a centrifugal barrier close to BH
which slows down the inflowing matter. In fact, the cen-
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Figure 12. A representation of broadband spectral fitting of
XRT/Swift (black), PCA (red) and HEXTE (green) data in
LHS (MJD 54240.884) using two-component model with addi-
tional smedge component. The XRT/Swift spectrum is binned
by a factor of 4 for better clarity. The statistics of the fitting is
χ2/dof = 574.18/601.
trifugal barrier may lead to a shock transition as well for
the right choice of input parameters, like energy, angu-
lar momentum of the flow. This enhances the density and
temperature of the central sub-Keplerian flow i.e., post-
shock region (POSR) which serves the purpose of the so-
called ‘Corona’ (Lightman & Eardley 1974; Eardley et al.
1975; Shapiro et al. 1976; Haardt & Maraschi 1993). Hence,
POSR is an integral part of sub-Keplerian halo. Only one
expects a change in geometry of the sub-Keplerian flow at
shock: POSR is more of tapered or spherical shape due
to shock compression whereas pre-shock flow has a geo-
metrically thick disc structure. Rather the model assume
Keplerian disc is truncated at the shock (Giri et al. 2015;
Takahashi et al. 2016). The Keplerian disc produces multi-
colour black body photons and a fraction (typically around
10-15% depending on the geometry of POSR) of soft pho-
tons is intercepted by POSR which inverse-Comptonized
these soft photons to produce the powerlaw high energy
photons. For a given mass and accretion rate (m˙d), we
calculate the radiation spectra from individual annuli of
Keplerian disc following the standard disc prescription
(Shakura & Sunyaev 1973) and add all the contributions
to find multi-colour blackbody spectrum from the Keple-
rian disc. We calculate the radial distribution of flow vari-
ables (density and temperature distributions) in the sub-
Keplerian flow by solving the hydrodynamic equations in-
cluding inverse-Compton cooling in the POSR. We self-
consistently calculate the fraction of soft photons from Ke-
plerian disc intercepts the POSR. Using these flow vari-
ables and intercepted soft photon fraction, we calculate
the Comptonized radiation spectrum from POSR following
Chakrabarti & Titarchuk (1995). Finally, the overall spec-
trum is a combination of the multi-colour blackbody spec-
trum from Keplerian disc and the inverse-Comptonized spec-
trum from POSR. Thus the spectral fitting Figure 12 using
two-component model shows only one component i.e., the
overall spectrum and no separate blackbody component or
inverse-Comptonized component.
In this model, there are five free parameters, namely,
the mass of the black hole (M), two accretion rates (Keple-
rian accretion rate m˙d and sub-Keplerian accretion rate m˙h),
the size of the POSR (xs) and the overall normalization.
Here, mass is expressed in unit of M⊙, accretion rates are ex-
pressed in Eddington rate (M˙Edd = 1.4×10
18(M/M⊙) gm/s
with 10% efficiency of accretion) and distance is expressed in
unit Schwarzschild radius rg = 2GM/c
2, where G is univer-
sal gravitational constant and c is speed of light in vacuum.
This model has been implemented in xspec as a local ta-
ble model (Debnath et al. 2014; Iyer et al. 2015). We fit all
the PCA data during 2002-2011 following Iyer et al., 2015.
Here we assume the mass of the source as 9M⊙ (Parker et al.
2016) and we have fixed nH = 5×10
21cm−2 (Ilovaisky et al.
1986; Me´ndez & van der Klis 1997; Kong et al. 2000) for the
entire spectral modeling. Also we see occasional require-
ment of additional components like gauss and smedge along
with two-component model as those physics are yet to be
included into the model. We have used photoelectric ab-
sorption cross sections (Verner et al. 1996) and elemental
abundance (Wilms et al. 2000) for absorption model. We
have used chi-square statistic to represent the goodness of
fit. We have modelled the PCA data of all the four out-
bursts and the best fit reduced χ2 varies between 0.8 to
1.3. The uncertainities are calculated within 90% confidence
range using method migrad. We find that the smearing
width varies between 2-25 keV, the smedge maximum ab-
sorption factor varies between 0.1 to 5 whereas the gaus-
sian line width varies between 0.4 to 1.0. As a representa-
tion, in Figure 12 we have fitted the broadband spectra of
XRT/Swift (black), PCA (red) and HEXTE (green) data
in LHS (MJD 54240.884) using two-component model with
additional smedge component. The two-component model
parameters are m˙h = 0.016 ± 0.002, m˙d = 0.009 ± 0.002,
xs = 68± 5.6 with χ
2/dof = 574.28/601.
The time evolution of the model parameters using all
four outbursts data are presented in Figure 13, Figure 14
and Figure 15 respectively. Here red points are parameters
values from spectral modeling of individual data set using
two-component flow. The day zero of each outburst corre-
sponds to MJD given in Table 1 and panels (a, b, c and
d) represent the 2002/03, 2004/05, 2006/07 and 2010/11
outburst respectively. The general behaviour of parameters
(xs, m˙h and m˙d) are very similar (except m˙h in Figure 14a,b
and is discussed in §3.4) in all four outbursts and we can
understand the spectral evolutions by the relative values of
these parameters. At the beginning of the outburst m˙h is
high (Figure 14) and the shock location (Figure 13) is far
away from the central object. Hence, POSR contains a large
number of high energy electrons but does not have sufficient
soft photons to cool the POSR as the Keplerian disc rate
(Figure 15) is very low. Hence, the source is in LHS. As
the source proceeds towards the peak of the rising phase, xs
moves inward, m˙h starts decreasing sharply (indicates no
more fresh matter supply at the outer edge), m˙d increases.
This enhances the supply of soft photons and POSR be-
comes smaller and the source makes a transition to inter-
mediate states. This increases the overall luminosity. The
shock location remains closer to the central object, almost
at constant value, during SIMS to HSS and m˙h keep on de-
creasing whereas m˙d remains around a constant high value.
In HSS state, m˙d starts decreasing and m˙h has a very low
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value which makes hardness to a lower value. At the end
shock location starts moving outwards, m˙h starts increas-
ing again, m˙d continue to decrease to a low value and the
source moves back to hard state in the declining phase. This
explains the hysteresis behaviour of HID (Figure 2) as well.
3.4 Modeling the evolution of accretion
parameters
Just like dwarf novae outburst, the transient low mass X-
ray binary (LMXB) also shows recurrence outbursts. The
key difference between the two outbursts is that the dwarf
novae show repeated periods of optical, UV outbursts last
for days separated by quiescence of several weeks whereas
transient LMXB undergoes mostly X-ray outbursts last for
many days/months and the recurrence is neither so fre-
quent nor periodic as in dwarf nova. It is generally accepted
that the outburst in dwarf nova can be understood by the
thermal-viscous disc instability model (DIM: Osaki 1974;
Lasota 2001, for a review).
The disc instability model (DIM) can be put forward
in two-component flow model picture as: during quiescence,
the accretion to the central object from the outer boundary
happens through sub-Keplerian flow and the Keplerian disc
is truncated out to a distance of few hundred rg (parameter
Xs0 in Table 2) from the central BH. As the outburst trig-
gers due to DIM the Keplerian disc moves inward and more
matter is accreted by the Keplerian disc. This increases the
soft photons flux as well as hard photons flux due to inverse
Comptonization of intercept soft photons by the POSR i.e.,
the overall flux increases. Also during this phase a constant
sub-Keplerian rate supplement the increase of hard photons
as the intercepted Keplerian soft photons are not enough
to cool the POSR. Around the peak of the outburst, the
central X-ray source could able to irradiate the outer part
of the disc which enhances the outburst duration by trans-
ferring the outer Keplerian disc into hot state. Since the
sub-Keplerian flow resides on top/bottom of the Keplerian
disc, the enhanced viscosity at the outer part due to irra-
diation could able to convert the sub-Keplerian matter into
Keplerian matter and hence sub-Keplerian rate starts de-
creasing. This decreases the hard flux and the source moves
into a quasi steady accretion phase as long as Keplerian
accretion rate is approximately constant and is above the
critical accretion rate required to maintain the hot branch.
The source luminosity decreases as almost all the Keplerian
matter accreted by the BH and the Keplerian disc recedes
back towards outer edge to a cool state. The low value of
viscosity at the outer edge allows the sub-Keplerian matter
to rebuild in the accretion and bring back the source into a
quiescence state. We see a replication of this scenario from
the evolution of the accretion parameters (Figure 13, Figure
14 and Figure 15).
In this study, we are trying to understand the general
behaviour the evolution of the accretion parameters using
a toy model. We define four time scales: tr represents the
rising time of the soft flux (related to m˙d), th is the rising
time of hard flux (related to mh), td is the time scale after
which m˙d starts decreasing in the decline phase and ts is
the time scale that both m˙h and xs begin to increase in the
decline phase of the outburst.
Accordingly, the Keplerian accretion rate evolves with
time as,
m˙d =


A− α log(tr − t), t < tr
A, tr < t < td
A− α log(t− td), t > td
(1)
where A is the highest average value of the Keplerian rate
in unit of Eddington rate, t is time in days and α is a free
parameter defines the steepness of the evolution.
The sub-Keplerian accretion rate can be modeled as,
m˙h =


B, t < th
B
β
×
1
log(t− th)
, th < t < ts
B
β
× log(t− ts), t > ts
(2)
where B is the maximum value of m˙h in Eddington rate, β
is a free parameter and t is time in days.
The shock location varies as (Mandal & Chakrabarti
2010)
xs =


Xs0 − v0t, t < th
Xsi , th < t < ts
Xsi + v0(t− ts), t > ts
(3)
where, Xs0 is the outer most value of shock location at the
triggering of the outburst, v0 is the constant velocity of shock
front per day and Xsi is inner most position of the shock
location.
We have fitted the data (red points) in Figure 13 by
Equation (3), data presented in Figure 14 by Equation (2)
and parameter values in Figure 15 using Equation (1) re-
spectively without much attention on the local variations.
The general profiles are represented by black dashed lines in
Figures 13, 14, 15 respectively and the corresponding fitting
parameters values are presented in Table 2. We see that tr
and th represent the rising time of soft (t3−6) and hard flux
(t6−20) in Table 3 whereas ts represents beginning of HIMS
in the decline phase. But td represents a time scale when the
source in SIMS or HSS and does not have very defined iden-
tification like other time scales. The overall luminosity de-
pends on the Keplerian accretion rate and 2006/07 outburst
is the brightest with highest values of A. The maximum av-
erage values m˙h (B) are very similar in all outburst though
little lower for 2004/05 outburst whereas the same for m˙d
(A) are very different between outbursts. Hence, the viscous
characteristics of the Keplerian disc are very different be-
tween outbursts and produce different peak luminosities. In
fact, the overall durations of outbursts are very different and
it depends on the amount of time the source spends in SIMS
and HSS. This in turns depends on the maximum Keplerian
accretion rate and the efficiency of viscous dissipation con-
verting it into radiation. Thus in 2006/07 outburst m˙d has
the maximum value with maximum overall flux among all
four outbursts and hence a shorter duration of outburst with
short SIMS and HSS. This is possibly due to faster consump-
tion of the Keplerian disc mass in comparison with other
outbursts. The value of α and β depend on how accretion
rates need to be increased with time to fit the spectra. In the
case of GX 339-4, they are found to be the same in both the
rising and decay profile of the accretion rates. This is because
the rise and decay duration of accretion rates are approxi-
mately the same in all the outbursts. But this may not be
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Figure 13. Evolution of shock location (red points) for (a) 2002/03, (b) 2004/05, (c) 2006/07 and (d) 2010/11 outbursts. The black
dashed line represents the fitting of the general behaviour of xs using Equation (3).
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Figure 14. Evolution of sub-Keplerian halo rates (red points) for (a) 2002/03, (b) 2004/05, (c) 2006/07 and (d) 2010/11 outbursts. The
black dashed line represents the fitting of the general behaviour of m˙h using Equation (2). The solid lines in (a) and (b) appear to be a
second triggering of outburst (see 3.5 for details).
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Figure 15. Evolution of Keplerian disc rates (red points) for (a) 2002/03, (b) 2004/05, (c) 2006/07 and (d) 2010/11 outbursts. The
black dashed line represents the fitting of the general behaviour of m˙d using Equation (1).
a general conclusion valid for all outbursts of similar types.
Also, a larger values of β indicates a sharp rise and decline
of m˙h than m˙d. This is expected because β depends on the
infall time scale (via radiative cooling time scale) whereas α
depends on the viscous time scale. In general the shock may
propagate in constant speed or accelerated motion due to
the inverse Compton cooling of POSR by the soft photons
from the Keplerian disc. Mondal & Chakrabarti (2013) have
calculated the amount of cooling of POSR due to inverse-
Comptonization with the increase of Keplerian rate and have
shown that shock moves inward with the increase of Keple-
rian rate. Hence, the shock travels at speed determined by
the rate of change of m˙d and a typical value is few rg/day.
Nandi et al. (2018) have shown that an accelerated motion
of the shock is required to model the QPO evolution of 1999
outburst of XTE J1859+226. But from Table 2 we could
see for GX 339-4 the shock front moves inward and outward
with constant speed and are very similar between outbursts.
Also, the constant value (v0) of shock speed may differ dur-
ing the rising and decay of outbursts.
The shock location in two component model is the trun-
cation radius of the Keplerian disc. We find from the spectral
modeling of all the outburst data that the minimum value
of the shock location is ∼ 5rg in the soft state. Although it
can be even lower depending on the position of the multiple
sonic points of the flow. In general, one expects the trunca-
tion radius to move inwards due to the progress of the out-
burst, being close to the central object in the soft state and
move apart in the decline phase. Hence, in the hard state,
the truncation radius of the Keplerian disc expected to be
far from the BH. Although, Garc´ıa et al. (2015) indicated
a huge disagreement of the inner edge radius from the re-
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Table 2. Two component model fitting parameters
Outbursts Time (day) α A B β Xs0 Xsi v0
tr th td ts (rg) (rg) (rg/day)
2002/03 41.0 33.0 299.6 357.0 1.63 0.32 0.072 2.4 169 8.0 4.89
2004/05 99.0 91.0 282.0 252.5 0.91 0.17 0.049 1.75 279 7.5 3.00
2006/07 96.0 87.0 120.0 178.6 2.15 0.42 0.065 2.7 259 7.5 2.89
2010/11 98.0 83.0 321.0 390.1 1.22 0.24 0.066 2.0 355 6.5 4.20
flection modelling of different observations data in the hard
state of this source. This could be due to the inherent de-
pendency of inclination angle in the reflection models to de-
termine the truncation radius of the disc. Also, in LHS, the
corona contribution is dominant and generally the reflection
signature is weak. Hence, a proper continuum modeling of
the data is required to constrain the reflection contribution.
The continuum contributions from variety of corona models
may differ significantly and may result different reflection
contributions. Hence, the disc truncation radius calculated
using reflection modeling may suffer some uncertainty due
to corona models as well. The rising phase of the outburst
is controlled by two time scales (th and tr) and one expects
th < tr (see Table 2) as the hard flux leading the soft flux
(Figure A1) whereas td and ts regulate the decline phase.
In general td < ts i.e., the Keplerian disc rate starts to de-
crease before shock location could move outward and the
increase of halo rate to initiate the dimming of outburst.
This is what we see from Table 2 for all outbursts except
2004/05 outburst. This could be the reason that Figure 14b
shows deviation from the model trend in the decay phase.
In this case the shock start to recede back in the soft state
itself before the declination of the Keplerian accretion rate.
The outburst may trigger when the surface density ex-
ceed the critical value due to thermal-viscous instability and
the associated propagation of heat front, transform the disc
into a hot disc with an increase of accretion rate. The stan-
dard picture of irradiated DIM (van Paradijs & McClintock
1994; Shahbaz & Kuulkers 1998) may be applicable to GX
339-4. We have calculated the outer radius (Frank et al.
1986) of the Keplerian disc, R0 ∼ 4.4 × 10
11 cm (given
M ∼ 9.0M⊙, mass ratio q ∼ 0.18 and binary period of
p ∼ 1.7557 days). This provides a critical accretion rate
m˙c ∼ 4 × 10
18 gm/s ∼ 0.3M˙Edd (Frank et al. 1986, Equ
5.106). If m˙ < m˙c the source shows a transient behav-
ior without any irradiation. Whereas for m˙ > m˙c, the
irradiation forces the whole disc to be in the hot state
and the disc finds a steady state with persistent activities
(King & Ritter 1998). We see from Figure 15 that in the flat
part m˙d & m˙c, indicates quasi-steady activities after peak-I
whereas 2004/05 outburst requires a lower value of m˙c. The
corresponding sound speed is cs ∼ 5.8 × 10
5 cm/s at R0
from the standard (Shakura & Sunyaev 1973) picture. The
hot front move inward with speed αhcs, where αh is the vis-
cosity parameter in the hot branch of the disc and the rising
time of the outburst is R0/αhcs ∼ 88.6 days (for αh = 0.1).
This is very similar to the observed result (t3−6 and t6−20
of Table 3) from multiple outbursts of the source.
Whereas the same scenario may not be applicable to
another outbursting LMXB, GRO J1655-40 which has simi-
lar binary characteristics (M ∼ 7M⊙, q ∼ 0.33, P ∼ 2.62157
days) as GX 339-4 but with much faster rising profile (rise
time ∼ 12 days) for the primary outburst lightcurve. Such a
short rise time indicates that outburst cannot be triggered
at the outer edge of the Keplerian disc. Though Esin et al.
(2000) have applied irradiated DIM to explain the strongly
flaring plateau state but without addressing the rise time.
Alternately, an outburst may also initiate due to instability
in the existing sub-Keplerian halo in quiescence by a sud-
den enhancement of viscosity which converts a fraction of
the sub-Keplerian matter into Keplerian matter keeping the
total accretion rate roughly constant (Chakrabarti 1997).
Using hydrodynamic simulation, (Giri & Chakrabarti 2013)
have shown that sub-Keplerian matter can be converted into
Keplerian matter with viscosity parameter above a certain
critical value. Sub-Keplerian halo is generally optically thin
and radiatively not very efficient, particularly in soft X-ray.
That is why in LHS where the flow is mostly dominated by
sub-Keplerian flow the source is low luminous. Whereas the
same amount of matter in a Keplerian disc is radiatively
more efficient because it could emit as a blackbody. Hence,
during the evolution of outburst if sub-Keplerian matter
is converting into Keplerian matter the overall luminosity
increases. In addition, Mandal & Chakrabarti (2010) have
shown that the general HID profile of 2005 outburst of GRO
J1655-40 can be explained using this proposal with an ob-
served rise time of 12 days. Also, they modeled the evolution
of accretion rates as a powerlaw of time duration. But they
did not actually fit the individual spectral data to justify the
time evolution of accretion parameters. We model the time
evolution of the accretion parameters and find GX 339-4 has
a different behaviour than GRO J1655-40.
A logarithmic time response of accretion rates may be
a signature of outburst with relatively longer rising time
and very extended outer edge of the Keplerian disc. Hence,
mass transfer at the outer edge continues along with the
outburst. Whereas an outburst with shorter rising time as-
sociates with powerlaw nature of mass transfer (Lipunova
2015; Mandal & Chakrabarti 2010) and having a smaller ac-
cretion disc. Also, in the later case the accumulated material
at the outer part of the disc moves inward due to sudden
viscous surge. We have tried to model the general profiles
of parameters evolution not detailed day-to-day variations.
In general, particularly in the intermediate states, the be-
haviour of the systems are highly non-linear and time depen-
dent radiative-hydrodynamic simulations are required to ad-
dress these issues properly. Nevertheless, the detail physics
behind this process is unclear and in future we aim to apply
this study on a few other outbursting sources to get a more
clear picture.
3.5 A unified view of outbursts
One noticeable feature in the 3.0-20.0 keV light curves (Fig-
ure 1 is that 2002/03 and 2004/05 outbursts have two peaks
whereas a second peak is not obvious in the other outbursts.
We separately plot the 3.0-6.0 keV (soft) and 6.0-20.0 keV
(hard) light curves for all outbursts in Figure A1. In all out-
bursts 6.0-20.0 keV light curves show two different peaks (I
and II) whereas 3.0-6.0 light curves of 2002/03 and 2004/05
outbursts only show two peaks. The details of the light
curves properties at peaks are summarized in Table 3. An-
other observable characteristic at peak-I is 3.0-6.0 keV light
curve of every outbursts lags 6.0-20.0 keV light curve around
8-12 days. This can be understood from the different time
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Table 3. Properties at peaks in light curves of different energy
band
Outburst Peak No F3−6 t3−6 F6−20 t6−20
(Day) (Day)
2002/03 Peak I 6.73 44 8.29 32
Peak II 8.57 117 2.92 158
2004/05 Peak I 2.29 95 2.49 88
Peak II 4.21 195 1.95 195
2006/07 Peak I 8.71 94 8.00 86
Peak II — — 3.57 108
2010/11 Peak I 6.81 96 6.43 85
Peak II — — 2.79 110
Note: F3−6 and F6−20 are fluxes in units of 10−9erg/s/cm2 in
3.0-6.0 keV and 6.0-20.0 keV respectively. Whereas t3−6 and
t6−20 are the time since triggering that the lightcurves peak in
these two energy band respectively.
scales controlling the soft and hard photons contributions
which are discussed in §3.4.
Unlike other outbursts of this source during the RXTE
era, 2002 and 2004 outbursts are having very extended quasi-
steady activities with a second peak (peak-II). The 2002 out-
burst witnessed a four year long quiescence phase in compar-
ison with the outburst in every couple of years. This means
the Keplerian disc got enough time to rebuild and extended
much inside (smaller Xs0 in Table 2). Along with this a
shorter rising time (∼ 40 days) and more symmetric rise-
decay profile of the peak-I of 2002 outburst indicates that
possibly the outburst did not trigger at the outer edge of the
disc. Rather it started as an in-outward outburst which en-
hanced the mass accretion rate in Keplerian accretion disc
and the disc has moved close to the central object faster,
reaching the flux at peak-I. The irradiation of the outer disc
due to central X-ray source keeps the outer disc hot and
sub-Keplerian rate decrease sharply (Figure 14a) due to en-
hanced viscosity at the outer edge. But after a few days, the
sub-Keplerian rate halts to another constant value ∼ 0.03
and m˙h always remain constant during triggering of out-
burst. This indicates that the irradiation possibly affects
the binary companion as well with an enhanced mass accre-
tion at the outer part of the disc and hence sub-Keplerian
rate does not decrease further. Considering that the sec-
ond phase of mass transfer triggered after peak-I, the dura-
tion between the soft peak-II and hard peak-I is ∼ 85 days
which is comparable to the rising time of other outbursts.
This continued accretion onto the central object produces
a quasi-steady flaring activity till it reaches peak-II. Unlike
the normal outburst triggering in LHS, the second triggering
has happened in SIMS with a much higher value of m˙d and
a lower value of m˙h. After soft peak-II, m˙h finally starts to
decline again and finally the outburst starts dimming when
almost the entire Keplerian disc mass is engulfed by the
central BH. The 2004 outburst is different from 2002 out-
burst, having usual rise time ∼ 90 days and faintest among
all the outbursts. The 2004 outburst triggered at the outer
edge of the disc and propagate as out-inwards due to the
long rise time. The rest of the dynamics is very similar to
2002 outburst proposed above. The low luminosity of 2004
outburst is due to a lower Keplerian disc accretion (Figure
15b) rate than other outbursts and possibly this indicates a
lower disc mass prior to the outburst. Thus the existence of
the second soft peak where the overall flux has a maximum
in both 2002/03 and 2004/05 outburst, can be thought of a
combination of two successive triggering of outbursts i.e., a
second triggering of outburst may have happened after peak-
I. The second triggering of 2002/03 and 2004/05 outburst
are represented by a solid black line in Figure 14a,b with
the same parameters as in Table 2 but th =150 days and
200 days respectively. Interestingly, King & Ritter (1998);
Shahbaz et al. (1998), suggested the presence of a secondary
maxima after ∼ 10 − 15 days of the overall peak in the
outburst profile of BH XRBs due to irradiation in DIM.
The thermal instability at the outer edge due to irradiation
triggers small outburst, adding central accretion rate dur-
ing decay phase. The 2006/07 and 2010/11 outbursts are
more of classical irradiation DIM type with a hint of peak-
II and here the sub-Keplerian matter continuously decrease
(Figure 15c,d) after the peak flux. Recently, Tetarenko et al.
(2018a,b) have done notable works to unify the lightcurve
profiles and have quantitatively estimated the α-viscosity
parameter for different XRBs by fitting the light curve with
an irradiated accretion disc model. Though they did not ap-
ply their model for 2002 and 2004 outbursts of GX339-4
where double peaks have been observed.
The hard peak-II (Figure A1) have very interesting
characteristics. We see that the hard flare (Peak-II) for all
outbursts are appearing at a similar time with a time shifting
for 2002 and 2004 outbursts. For 2006/07 and 2010/11 out-
bursts, they appear ∼ 108 days after triggering. Since both
2002 and 2004 outbursts have two soft peaks corresponds
two successive triggering discussed above, we consider the
time zero to reach the hard peak-II corresponds to the time
when m˙h in Figure 14a,b approach the second constant value
(beginning of solid line). This is 50 days (2002 outburst) and
95 days (2004 outburst) after the first triggering respectively.
Finally, in Figure A1e (middle panel), we plot the 6.0-20.0
keV hard flux after 50 days (2002) and 95 days (2004) on-
wards along with the other two outbursts. The red-solid,
green-dot, magenta-dash and blue-dash dot lines represent
the hard flares (peak-II) for 2002/03. 2004/05, 2006/07 and
2010/11 outburst respectively. We see that Peak-II appears
after ∼ 110 days in all cases i.e., the hard flaring signature
after the maximum of soft flux in SIMS are generic to every
outbursts of this source. This is possibly a direct indica-
tion of irradiation DIM origin of outburst for this source.
We study the spectral characteristic around the hard flare
and as a representative case in Figure 16a, we have shown
PCA spectra before (black-circle), after (blue-triangle) and
at peak-II (red-square) of 2006/07 outburst. It shows that
the hard component of flux at peak-II is significantly more
than the flux before and after the peak-II and we see a simi-
lar spectral behaviour around peak-II in all other outbursts.
The existence of hard flares in SIMS (Brocksopp et al. 2002;
Tomsick et al. 2003; Corbel et al. 2004; Joinet et al. 2005;
Cadolle Bel et al. 2009; Nandi et al. 2018) are observed in
many other BH outbursting sources as well. This may be due
to the evacuation of the inner portion of the disc such that
low energy flux reduces and the overall spectrum becomes
harder. Also, radio jets are commonly observed (Fender
2001; Corbel & Fender 2002; Fender 2001) during hard flares
in SIMS but no radio observations exist during hard peak-II
MNRAS 000, 000–000 (2019)
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Figure 16. (a) Spectral fitting before (black-circle on MJD 54159.51), after (blue-triangle on MJD 54172.39) and at the peak-II (red-
square on MJD 54161.67) of the hard flare during 2006/07 outburst. (b) Spectral characteristics at hard peak-II for 2002/03 (red-circle),
2004/05 (green-triangle), 2006/07 (magenta-square) and 2010/11 (blue-star) outbursts.
of this source. In Figure 16b, we have shown a comparison of
PCA spectra during hard peak-II for all outbursts. The fig-
ure shows spectra with very similar spectral indices and flux
values. Thus, all four outbursts can be unified with similar
rising time (after introducing a second triggering for 2002/03
outburst), the appearance of hard flare at similar time scales
even though they have very different flux at maxima.
4 CONCLUSIONS
In this paper, we have studied both spectral and dynam-
ical evolution of outbursting source GX 339-4. We have
used RXTE as well as nearly simultaneous XRT/Swift and
PN/XMM-Newton data during 2002-2011 for this study.
The simultaneous broadband spectral modelling is shown
in Figure 3, 4, 5. The evolution of spectral parameters are
presented in §3.2. We see PCA data alone cannot constrain
Tin in LHS and simultaneous observations (red-dash points
in Figure 6d) towards lower energy are required. In all other
states Tin have similar values for all outbursts though diskbb
norm (Figure 7) have very different values. The powerlaw in-
dex (Figure 8) evolve between 1.5−3 during LHS to HSS. It
remains constant in LHS and follow an anti-clockwise hys-
teresis with the 6.0-20.0 keV flux. The powerlaw norm (Fig-
ure 9) shows high values during the rising phase and hard
flare in SIMS. In Figure 10, we observe that the Fe line flux is
week in LHS and the strength increase towards softer states.
The line normalization (Figure 11) shows a decreasing re-
quirement of line during successive outbursts after 2002/03
and the minimum value of the line normalization increases
for later outbursts.
The spectral modeling using two-component accretion
flow is presented in §3.3. We can understand the evolution
of the spectral parameters (§3.2) from the evolution of the
accretion parameters (§3.4). Figure 15 and Figure 6 show
that as m˙d increases Tin also increases in the rising phase
and both decrease in the declining phase. The photon in-
dex (Figure 8) remains constant in LHS as m˙h is constant
(Figure 14) and m˙d has a low value (Figure 15). As m˙d
increases, the supply of soft photons becomes more and it
cools the POSR which decreases the 6.0-20.0 keV flux and
the spectral index increase towards softer states. The re-
flection signature (and hence line flux) is low (Figure 10)
in LHS as the source is faint and the Keplerian disc is far
apart. As the source evolves towards softer state, the Ke-
plerian disc reaches closer to the source. Also the presence
of significant hard flux from the POSR makes the line flux
strongest in SIMS. We can understand the dynamical evo-
lution of the system during all outbursts from Figures 13,
14, 15. We present a logarithmic evolution of accretion rate
(Equation (1) and Equation (2)) to understand the outburst
evolution and expect to hold for outburst with longer du-
ration. In this case, the total accretion rate is not constant
and Keplerian disc extends to very large distance. We have
explained the evolution of all the outburst of GX 339-4 in
the light of irradiate DIM using two-component accretion
flow (§3.4). For outbursts with shorter duration may have
a smaller accretion disc and the accreting matter pileup at
the outer edge. The sudden enhancement of viscosity trig-
gers the outbursts with a conversion of sub-Keplerian matter
into Keplerian matter and keeping the total accretion rate
roughly constant. In this paper, we have tried to understand
the general behaviour of accretion parameters evolution and
the detailed small scale variations are outside the scope of
the paper. In Figure 13, 14, 15, we have done a manual fit-
ting to understand the behaviour of the general profile and
did not estimate the errors in the parameters given in Table
2. This is one of the caveats in the current study.
The observed light curves of 2002/03 and 2004/05 out-
bursts appear very different from 2006/07 and 2010/11 out-
bursts. But introducing a second triggering of outburst after
the hard peak-I due to irradiation from the central X-ray
source resembles that soft peak-II in 2002/03 and 2004/05
outbursts appear at a similar rising time of 2006/07 and
2010/11 outbursts. This unified picture of all four outbursts
are supported by the two-component model fitting as well
(Figure 14a,b) by halting the decreasing trend of m˙h after
peak-I. The presence of hard flares in SIMS have been ob-
served in many outbursting galactic black hole sources. But
the appearance of hard flares (Figure A1e) around similar
time (∼ 110 days) after triggering (from second triggering
time for 2002 and 2004 outbursts) for all outbursts is asso-
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ciated with the intrinsic nature of this source that the soft
flux reaches the maxima at similar time scale. This can be
attributed to the irradiation in the accretion disc by the
central source. In future, we would like to implement these
two pictures in other outbursting sources as well and may
be able to get a better understanding of these systems.
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Figure A1. 3.0-6.0 keV (green-dash) and 6.0-20.0 keV (blue-solid) PCA light curves of GX 339-4 during (a) 2002/03, (b) 2004/05, (c)
2006/07 and (d) 2010/11 outburst respectively. The different symbols: circle marks LHS; star marks HIMS; square marks SIMS and
triangle marks HSS. Panel (e) shows the evolution of 6.0-20.0 keV hard flux after 50 days (red-solid:2002) and 95 days (green-dot:2004)
onwards along with other two outbursts. In that case, the hard peak-I for 2006/07 and 2010/11 outbursts also should appear in the figure
but it makes the figure very clumsy. Hence for presentation purpose, we have plotted 6.0-20.0 keV flux for 2006/07 (magenta-dash) and
2010/11 (blue-dash dot) outbursts after hard peak-I with time zero at the beginning of the outburst.
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